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Long-term SCUC
 Coordination between fuel allocation, emission allowance 

combined with other natural resources  and the long-term 
generation scheduling

 Impact of forced outage rates and load forecast errors on long-
term scheduling 

 Provide a wider range of options to manage the security in 
short-term and real-time power system operations
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Stochastic SCUC Model 
 Uncertainty in power system operations

 Unscheduled outages in power systems
 generators 
 transmission lines

 Long-term load forecast error
 Intermittent resource availability 
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Stochastic Long-term SCUC
 Monte Carlo method is adopted to generate a set of scenarios, 

each of which represents unscheduled outages, load forecast 
errors, and intermittency of resources in the long-term power 
system operation.

 Scenario reduction and scenario aggregation techniques are 
used to build an easy-to-solve stochastic long-term SCUC 
model.

 DC power flow is included for the network (gas, electricity) 
models.

 Lagrangian relaxation is used to decompose coupling 
constraints among scenarios. Dual decomposition is used as a 
price-based coordination approach to solve long-term fuel 
allocation and emission allowance constraints for each scenario.
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Stochastic Long-term SCUC
 Objective function
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 System constraints
 System load balance

 System reserve constraints
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 Unit constraints
 Real power generation limits

 Ramping un / down constraints

 Minimum on / off time constraints

 Fuel constraints for group of units
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 Emission constraints for group of units

 Network security constraints 
 DC power flow

 Transmission flow constraints
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Decomposition Methodology

 Decomposition of bundle constraints among scenarios

Initialize Lagrangian multipliers 
for bundle constraints

Dual problem : S disjoint long-term SCUC-

Long-term 
SCUC with 
scenario 1

Satisfy bundle 
constraints ?

Max iteration ?

N

N
Update 

Lagrangian 
multipliers

Get 
optimal 
solutions

Y

Y

Long-term 
SCUC with 
scenario S
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 Decomposition of Long-term fuel and emission 
constraints

Initialize Lagrangian multipliers for long-
term fuel & emission constraints

Dual problem : P disjoint short-term SCUC-

Short-term 
SCUC for 
period 1

Satisfy fuel & 
emission constraints?

Max iteration ?

N

N
Update 

Lagrangian 
multipliers

Get 
optimal 
solution

Y

Y

Short-term 
SCUC for 
period P

Long-term SCUC for Individual  Scenario

Lagrangian multipliers for bundle 
constraints from upper layer
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Unit commitment problem
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Six-bus Test System

 Case 1: Base case without any uncertainties.

 Case 2: Consider random generator failures and transmission line
outages, system load is the same as base case.

 Case 3: Consider random generator failures and transmission line
outages, as well as load forecast error.
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Case 1

Case 3

Case 2
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System Information:
118 buses
186 branches
91 load sides
54 thermal units

IEEE 118-bus System
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LMP at bus 1 in the 3rd week

Upper Bound
Lower Bound
Expected Value
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IEEE 1168-bus System
 169 units and 1474 branches.
 Annual peak load is 22350 MW.
 Four week case study.
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Variation of costs as a function of reliability

The result represents a minimum total cost while satisfying a 
certain level of reliability.

Marginal operating cost = Marginal load shedding cost
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Reliability Constraints
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IEEE 118-bus system case study

905.33

Coal (MBtu) 72,443,639 

Oil (MBtu) 6,475,901
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EGp1 (Lbs)
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74,279,656 
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1 dayLOLE( in 10 years) 5 days 10 days 15 days No Reliability

9623.89Operating cost (*104$) 9136.65 9027.18 8880.03 8786.37

532.21EENS  (MW) 920.85 1692.74 3714.02 7040.22

0.85 dayMax LOLE (in 10 years) 4.97 days 6.95 days 14.27 days 31.7 days

Min reserve (MW)
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Impact of load shedding price on optimal point
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Impact of fuel price on optimal point
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Applications to Hydro-Gas Coordination
 ISOs maintain power systems reliability when supplying the 

hourly load at minimum cost. In this environment, the 
interdependency of natural gas and electric power systems 
could affect the security and economics of power systems.
 For instance, in winter months when residual usages of natural 

gas increases in some regions, there may be an insufficient 
level of natural gas available for gas-fired units. Hydro units 
could be used in such occasions in order to avoid electric load 
curtailments. 

 However, if the following spring season happens to be dry, 
water reservoirs utilized in the previous winter would not be 
replenished. Thus insufficient water resources could lead to the
inability of hydro units to supply peak summer loads. 
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Proposed Methodology
 The reliability assessment for the midterm (several months to one year) 

optimal water and natural gas usage is analyzed.
 Uncertainty factors, including random outages of system components, future 

electric power load and gas load forecast error, and future natural water 
inflow uncertainty, are simulated by the Monte Carlo method and the 
scenario-based techniques are used to keep the trade-off between 
computation time and solution accuracy. 

 The scheduling horizon is decoupled into period stages (several weeks to 
one month). The periodical operation policy determines, at the beginning of 
each period, how much of the water should be used and how much should 
be stored for the future usage. 

 The predefined operation rules are adopted to approximate the actual 
depletion policy of reservoirs located in a same catchment, which simplify the 
coupling constraints among successive periods and advantage the 
decomposition procedure. 
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 The problem is formulated as a two-stage stochastic 
programming model for the optimization period of one year.

 The first-stage is for optimizing the operation for the first month.

 The second-stage is for optimizing the remaining eleven months 
for simulating the midterm operation via scenarios . 
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Problem Formulation
 The objective is to:

 minimize the social cost, including operation cost (i.e. the 
production cost, startup and shutdown costs of individual units)
and the possible load shedding cost for the entire midterm 
horizon .
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 System power balance constraint.
 Individual generator constraints for various types of units, including ramping 

up/down rate limits, minimum on/off time limits, generation unit capacity limits
 Individual cascaded hydro unit constraints, including reserve volume limits, 

water balance constraint, water discharge limits
 Power transmission constraints, including dc network security constraints 

and phase shifter angles limits.
 Natural gas transmission constraints, including gas contract limits, gas usage 

limits, pipeline and compressor transmission capability limits, etc.
 Reliability constraints including load shedding limits at each bus and each 

time period in each scenario, and LOLE limits.
 Reservoir volume coupling constraints for two consecutive periods, which 

indicates that the terminal volume at the end of previous period should be the 
initial volume at the beginning of successive period

Constraints
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 A set of curves describing the relationship between the global 
parameter (one global parameter for each catchment) and each 
reservoir volume in the same catchment. 

 The operation rule is 
input data, which can
be designed based on
historical inflow records
or non-linear optimization
model. 

 The operation rule does
not need to be convex. 

)1(v

)3(v

)4(v

)1(r

)3(r

)2(s

)3(s

)4(s

)1(q

)2(q

)3(q

)4(q

γ

γ1,1 γ1,2 1

V1,1

V1,2

V

0

γ

γ2,1 γ2,2 1

V2,1

V

0

V2,2

max
1V

min
1V

max
2V

min
2V

)2(v

)1(s

Midterm Reservoir Operation Rule



28

Stochastic Solution 
 The midterm horizon is divided into several periods, with the relaxation of 

reservoir volume coupling limits linking successive periods. 

 Coupling constraints, ramping up/down rate limits, minimum on/off time 
constraints and delayed water discharge from upper reservoirs to lowers, which 
link successive periods, are managed based on one of the following two 
strategies The difference between the two signifies the tradeoff between speed 
and accuracy. We adopted the second alternative.
 Constraints on ramping up/down rate, minimum on/off time constraints and 

delayed water discharge from upper reservoirs to lowers, which link 
successive periods, will be ignored. Accordingly, the short-term unit 
commitment problem can be solved for each period independently. The 
application of parallel processing will speed up the solution. However, the 
accuracy may suffer slightly.

 Short-term unit commitment subproblems are solved sequentially.  That is, 
the results of the short-term unit commitment for the first period provide 
initial conditions for the second period.  In this case, ramping up/down rate 
and minimum on/off time constraints will be satisfied within each period by 
unit commitment. 
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Case Studies
 A 6-bus system 

 3 gas-fired units, 1 hydro unit and 7 transmission lines
 The system is tested for a one-year case (from November 

to the October in the next year) with the annual peak power 
load of 330MW and annual peak gas load of 6000 kcf .

 The maximum allowed 
load shedding for each 
load bus is set to be the
load value at designated
bus, with the VOLL of 
5000$/MWh for the first 
10% of load at designated 
bus and 2000$/MWh for 
the remaining.
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 Two cases are studied to illustrate the effect of midterm water and gas 
optimal usage on power systems reliability 

 Case 1: A deterministic solution is presented and its impact on the 
system reliability is discussed. The optimization of deterministic model 
utilizes as much water as possible to supplement the natural gas
usage in the winter season (November-January with highest gas loads). 
The impact of the deterministic solution on the system reliability is 
considered by optimizing a scenario-based stochastic model for the 
remaining months of February-October by utilizing terminal volumes at 
the end of January as the initial condition. 

 Case 2: The proposed two-stage stochastic optimization model is 
discussed. The first-stage covers the first month, and the second-stage 
includes the rest 11 months via scenarios. System component outages, 
power and gas load uncertainties, and natural water inflow 
uncertainties are all taken into consideration.
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 Case 1:
 Due to the limited capability of gas network, the natural gas 

required by gas-fired generating units cannot be transported to 
corresponding nodes by the gas transmission system. 

 The water resource is the alternative to cover the load. The 
terminal reservoir volume at the end of winter is not restricted, 
thus water resource in the reservoir is used as much as possible, 
and the terminal reservoir volume at the end of the winter 
reaches its minimum value 60*104 m3 .
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 Using 60*104 m3 , the terminal volume at the end of the winter, 
as the initial condition for the following seasons, and 1000 *104

m3 as the terminal volume for the rest 9 months.
 The total social cost is $39,585,164.34 (i.e. 12,141,356.75 + 

27,443,807.59) with the load shedding of 460.91MWh and total 
number of load shedding occurrence of 96.465 hours in one year. 
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 Case 2:
 The proposed two-stage stochastic optimization is considered 

for optimizing the midterm water and gas usage with 
uncertainties.

 The load shedding is reduced to 440.90 MWh from 460.91MWh, 
and the total number of load shedding occurrence is reduced to 
71.07 hours in one year from 96.465 hours in one year. 

 Water resource stored in the reservoir, previously fully utilized in 
the winter in case 1, now is partly allocated in the summer for 
peak-shaving, which reduces the load shedding occurrence in 
the summer and the social cost is reduced by 5.08% (i.e., 
39,585,164.34 –37,572,145.9 / 39,585,164.34). 
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 In case 1, the water resource stored in the reservoir is used as
much as possible when the future natural water inflow situation 
is not considered. 

 Two scenarios, a dry and a wet year, shows that water used in 
the winter has to be limited, to ensure enough water for peaking-
shaving in case of a dry weather in the future. 

 The results reveal the necessity of incorporating the two-stage 
stochastic optimization model for the midterm water and gas 
management policies to enhance the systems reliability.

0
200

400
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800

1000

10 11 12 1 2 3 4 5 6 7 8 9 10

Month

wet scenario dry scenario case 1Volume (*104m3)
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 IEEE 118-bus system

 54 fossil units, 12 gas-fired units, 7 hydro units, 186 
branches, and 91 demand sides.

 Hydro units 1-4 belongs to one catchment, and 5-7 belongs 
to another.

 The system is tested for a one-year case (from November 
to the October in the next year) with the annual peak power 
load of 8,600 MW and annual peak gas load of 31,000 kcf.
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 For the proposed two-stage stochastic optimization model, the load 
shedding is reduced to 14,988.16 MWh from 16,036.86 MWh. 

 The optimal allocation of water resource stored in reservoirs for the 
midterm horizon reduces the social cost by 2.83%.
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Conclusions
 Propose Monte Carlo method to simulate unscheduled 

outages and load forecast error, and scenario-based 
techniques  to form a stochastic model for the long-term 
SCUC solution.

 Coordination between fuel allocation, emission allowance 
combined with other natural resources  and long-term 
generation scheduling.

 Provide long-term planning decisions on energy allocation, 
fuel consumption, emission allowance, and long-term 
utilization of generators and transmission capacities.
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Conclusions
 A two-stage stochastic programming model for optimizing the 

midterm water and gas usage uncertainties. 

 The reliability criteria are incorporated into the midterm 
stochastic unit commitment problem in which both the power 
and the gas network security are checked and uncertain 
characteristics of power systems including component outages, 
power and gas load forecast errors, and natural water inflow are
considered. 

 The proposed stochastic optimization model improves power 
system reliability and decrease the social cost by optimally 
allocating natural water and gas usage in a midterm horizon.
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